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Abstract

The effectiveness of tannic acid as antimicrobial and wound healing for burns have been shown for a century; however,
uncontrolled target dosage may result in undesirable side-effects. Remarkably, tannic acid polyphenols compounds
crosslinked with polymeric materials produce a strong composite containing the beneficial properties of this tannin.
However, investigation of the crosslink structure and its antibacterial and regenerative properties are still unknown when
using nanocellulose by mechanical defibrillation; additionally, due to the potential crosslink structure with chitosan, its
structure can be complex. Therefore, this work uses bleach kraft nanocellulose in order to investigate the effect on the
physical and regenerative properties when incorporated with chitosan and tannic acid. This film results in increased rigidity
with a lamellar structure when incorporated with tannic acid due to its strong hydrogen bonding. The release of tannic acid
varied depending on the structure it was synthesised with, whereas with chitosan it presented good release model compared
to pure cellulose. In addition, exhibiting similar thermal stability as pure cellulose films with antibacterial properties tested
against S. aureus and E. coli with good metabolic cellular viability while also inhibiting NF-kB activity, a characteristic of
tannic acid.
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their ability to crosslink, tannins can protect epithelial tis-
sues due to their antimutagenic, anticarcinogenic, anti-
inflammatory and antiviral applications [4].

Treatment using tannic acid has been reported since
1920s for burn injuries, which led to a significant reduction
in mortality rates [5]. Tannic acid is known to be anti-
microbial to a whole spectrum of microorganisms, and the
natural crosslinking ability has been reported for chitosan
and cellulose [6, 7]. A combination of tannic acid with
nanocrystalline cellulose was also reported previously for
chitosan films, which altered their mechanical properties
when heat-treated [8].

Many materials used for wound healing are synthesised
using nanocellulose due to its high mechanical strength and
non-toxic, which can be produced from bacterial cellulose
[9] or by nanocrystals formulation [10]. However, recent
work from our group has shown that nanocellulose from
kraft paper processed by mechanical defibrillation can be a
promising alternative for wound healing. This is owing to
its good adhesion and moisture retention [11], with a similar
healing rate compared to bacterial cellulose films [12];
though actually presenting a better interaction within the
wound. The production of this material is very cheap and
simple, and the mixture of components that can be done
before or after milling demonstrates very different respon-
ses; whereas the interaction can be improved when mixing
components within the mechanical defibrillation, as shown
before for tannins [13].

Chitosan is yet another natural material with anti-
bacterial effect and good regenerating ability [14], even
reported to be able to repair the nervous system [15] and
effective as a wound healing material [16]. It is possible to
modify the functionality of this material due to the amine
groups that are highly reactive, and are able to incorporate
active compounds or obtaining nanoparticles [17]. There-
fore, many works have reported its usage when incorpo-
rated with other materials as films [18]. They are also
reported in many alternative applications, such as perva-
poration dehydration of ethanol and isopropanol [19].
Although chitosan films are very brittle on their own, the
addition of tannic acid offers a possibility to improve it by
acting as plasticizer [6].

Although the crosslinking ability with both cellulose and
chitosan has been reported, the usage of microfibrillated
cellulose obtained from kraft paper as solvent cast films are
still unknown. Besides, their effect was not yet evaluated
under antibacterial and in vitro cell viability when combined
to chitosan and tannic acid. Therefore, in this work we
evaluate the effect of tannic acid as a crosslinking agent and
its antibacterial and cellular regeneration in vitro for wound
healing applications for microfibrillated cellulose films and
combined with chitosan, which were also investigated when
glycerine is added as a plasticizer.

@ Springer

2 Materials and methods
2.1 Materials

Materials used in this work were Imortalised human kerati-
nocytes (HaCaT) cell line (Caltag MedSystems Ltd, UK);
bleached eucalyptus kraft pulp (Suzano Papel e Celulose,
Brazil) for MFC preparation. Tannic acid (Sigma Brazil-ACS
reagent product number 403040), Chitosan of low molecular
weight containing 50,000-190,000 Da (Sigma Brazil, product
number 448869), Glycerine (Dindmica quimica con-
temporanea Ltda., Brazil), E. coli from ATCC 25922 and S.
aureus NCTC 12981.

2.2 Film formation
2.2.1 Chitosan solution

To dissolve chitosan, we followed the method described by [6]
with slight modifications, chitosan solution of 1% (w/w) was
prepared using 1.5% (v/v) of acetic acid under stirring for 24 h.

2.2.2 Microfibrillated cellulose gel

The procedure follows the one described before [20]. First,
bleached kraft pulp was adjusted to 3 wt%/v (3 g/100 ml)
using either distilled water, or the previously chitosan solution
of 1% in acetic acid as the solution, and was further frag-
mented using a 450 W blender for 10 min. Afterwards, it was
subjected to further grinding using Super Masscolloider
(Masuko Sangyo Co. Ltd., Japan). The technical parameters
related to the microfluidizer in obtaining the cellulose nano-
fibrils were: rotation 1500 rpm; the number of steps 30; dis-
tance between discs 0.1 mm. The maximum number of steps
was defined as when the cellulose gel, passing through the
grinder, would surpass the maximum amperage of the electric
system. Therefore, having two sets of gels — a pure MFC using
distilled water as the solvent, and another set using the solution
of 1% chitosan that contained acetic acid as a solvent. Besides,
for plasticized films, glycerine was added as 37 wt%/wt of
cellulose (1.11 g glycerol/100 ml of gel solution).

2.2.3 Tannic acid

Tannic acid (10% wt. of cellulose) was dissolved within
cellulose suspension having a final concentration of 10% (%
wt of cellulose) within both sets of gels.

2.2.4 Film formation using casting evaporation method
For film formation, 40 ml of each gel was poured on petri

dish, which were immediately dried at 60 °C using an
Q319V Vacuum Drying Oven (Quimis, Brazil). The
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samples used in this work follows the denomination of the
material used; therefore, MFC for microfibrillated cellulose,
CHI for chitosan, TA for tannic acid and GLY for glycerine.

2.3 Scanning electron microscopy (SEM)

The hydrogel morphology was performed using scanning
electron microscopy (TESCAN Performance in Nanospace)
with the back-scattered electron (BSE) mode. Prior to
imaging, the samples were sliced to obtain cross section
regions and were also gold-sputtered for coating using
Baltec SCD 005 for 110 s at 0.1 mBar vacuum. Images were
recorded at an accelerating voltage 20 kV. Coupled with the
SEM, Energy Dispersive Spectroscopy was used to analyse
one specific sample for confirmation of contamination from
Oxford Instruments.

2.4 Fourier transform infra-red spectroscopy (FTIR)

The FTIR spectra were obtained on a Perkin Elmer spec-
trometer, model FTIR/NIR Frontier, using an attenuated
total reflectance (ATR) accessory with zinc selenide (ZnSe)
crystal surface. A resolution of 4cm™! and the arithmetic
average of four scans was used in the wavenumber range of
4000-550 cm ™. Prior measurements, samples were dried in
a vacuum oven at 40 °C until no variation in its weight were
detected.

2.5 Thermo and mechanical analysis

For DSC, sample weights between 9—12 mg were measured
and encapsulated in alumina sample pans. A temperature
ramp from 0 to 400 °C at a rate of 10 °C/min was used with
an empty closed alumina pan as a reference. TGA curves
were obtained with a heating rate of 10°C min~' until
600 °C using platinum pans with samples weighing around
3.0 mg. The experiments were carried out under a nitrogen
flow of 50 mL min~!, in a Q600 TA Instruments.

DMA analyses were performed on DMA Q800 TA
Instruments equipment using the film tension clamp.
Stress—strain tests were performed with a ramp force of 1 N/
min up to 18 N, and the elastic modulus was calculated from
the initial linear region — 0.002% strain of the stress—strain
curve. All tests from DMA were performed using three
scans per sample.

2.6 Drug release

100 mg of the film was immersed for release in 100 mL of
DI water at 25 °C. Absorbances at 275 nm were collected at
0, 2.4, 24, 48 and 168 h. The concentration of the solutions
was determined on the basis of a tannic acid standard curve.

The percentage released was determined based on the
concentration of tannic acid present in each film.

2.7 Antioxidant activities (DPPH and ABTS)

All antioxidant activities assays were performed in a spec-
trophotometer UV/VIS (Shimadzu, model 1800, Kioto,
JPN). The antioxidant capacity of extracts by free radical
DPPH (2,2-diphenyl-1-picrylhydrazyl) was determined
according to the procedure of Siripatrawan and Harte [21]
with minor modifications. Firstly, 25mg of each film
sample was extracted in 3 ml of distilled water, for use as a
film extract solution. Then, 0.1 mL of the extract solution
was added to 3.9mL of DPPH methanolic solution
(60 pmol.L’l), and kept under dark for 30 min (reaction)
and then the absorbance was measured at 515nm. The
results were expressed as a percentage of radical
scavenging.

The free radical scavenging by ABTS radical was
determined according to Samarth et al. [22]. A volume of
88 UL of potassium persulfate (140 mmol/L) was added to
5mL of ABTS (7 mmol/L). The mixture was stored in an
amber bottle in the dark and at room temperature for 16 h.
The ABTS radical solution absorbance was adjusted at
0.70+0.05 at the 734 nm in a spectrophotometer. Then,
0.3 mL of film extract solution was added to 3.7 mL of de
ABTS radical for 10 min in the dark. After this, the absor-
bance was measured at 734 nm. The results were expressed
in percentage of radical scavenging.

2.8 Antibacterial evaluation

The antibacterial activity of the samples was performed
with the shake flask method and disk diffusion method. In
addition, Samples were neutralised neutralised using
1.25 mol/L. NaOH (5 g NaOH/100 mL H,O) for 2 h. For the
shake flask method, the bacteria were first incubated in
Luria—Bertani medium (LB medium, 1% peptone, 0.5%
meat extract, and 1% NaCl, pH 7). The inoculation was then
conducted at 37 °C for 24 h under shaking and the obtained
bacterial suspension was diluted with the previous peptone
medium solution. Afterwards, 0.1 mL of diluted bacteria
suspension was cultured in 10 mL liquid peptone medium,
and 50 mg of sample was added to the bacterial suspension.
The inoculated medium was incubated at 37 °C for 24 h
under shaking. After incubation, the antibacterial activity
was monitored by measuring the optical density O.D. of the
culture medium at 620 nm and calculating the inhibition
percentage using the following equation:

O.D.bacteria — O.D.sample o
O0.D. bacteria

100 (1)

@ Springer
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Fig. 1 Macroscopic images of
samples a MFC + GLY, b MFC
+TA, ¢ MFC+TA +GLY, d
MFC + CHI, e MFC + CHI +
TA,fMFC + TA + CHI + GLY

For the disk diffusion, samples were cut into 6 mm discs
which were then sterilised by UV light. Mueller—Hinton
agar plates were inoculated with 100 uL of either E. coli
ATCC 25922 or S. aureus NCTC 12981 at a density of 1 x
10% CFU/mL which was dispersed over the entire agar
surface with a sterile glass L-shaped spreader. Triplicate
discs were aseptically placed on each plate before incuba-
tion at 37 °C overnight. After incubation, the diameter of
each zone of inhibition observed was measured and
recorded.

2.9 Cytotoxic evaluation

Neutralised samples les were sterilised using ethanol for
30 sec, phosphate-buffered saline (PBS) for 30sec and
followed by DMEM media for 30 sec prior to cytotoxic
evaluation.

2.9.1 Elution assay (cytotoxicity testing)

100 ul of HaCaT cells (1.5 x 10° cells/ml) was seeded in a
96-well plate and incubated overnight at 37 °C. Two dif-
ferent concentrations of extracts, 5 mg/ml and 25 mg/ml
were prepared for each sample using DMEM media. They
were incubated for 24 h at 37 °C prior to testing. On the
following day, the media was removed from the plate and
100 pl of the extract was added into each well and incubated
overnight at 37 °C. Following incubation, MTT assay was
carried out by treating the cells with 100 pl 0.5 mg/ml MTT
solution and incubated for 3.5 h in the 37 °C incubator. The
MTT solution was then removed and 100 ul DMSO solution
was added into each well. The plate was read at 540 nm

@ Springer

using Synergy™ HT BioTek Plate Reader. The cell viabi-
lity was calculated using following equation:

AbsQ540nm treated cell

2
Abs@Q540nm untreated cell x 100 @)

2.9.2 Determination of p65-NF-kB protein

5 x 10° cells/well of HaCaT cell line was seeded on the 96-
well plate. After overnight incubation at 37 °C, the media
was removed and 100 uL of each sample extract at a con-
centration of 25 mg/ml was added into the well separately
and incubated for another 24 h. The amount of total NF-kB
p65 and of phosporylated NF-kB p65 proteins presented in
the cell lysate was then quantified using an Invitrogen™
NF-kB p65 (Total/Phospho) Human InstantOne ELISA kit,
following the manufacturer’s instruction.

3 Results and discussion
3.1 Macro- and microscopic analysis

The macroscopic images of the samples indicate (Fig. 1)
that the addition of tannic acid had no difference in the
visual opacity; also, chitosan exhibited a yellow vibrance
characteristic of this compound, and tannic acid slowly
decreased this ochre aspect. The addition of glycerine, even
though presented the same opacity as samples without
tannic acid, were much more plastic, tested by hand touch;
as expected from this material, since glycerine is commonly
known to be a good plasticizer. Nonetheless, these relate
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Fig. 2 Scanning electron microscope images for cross section (a—d) and surface (e-h) for (a, ) MFC + TA; (b, f) MFC + TA + GLY; (¢, g) MFC

+ CHI+TA; (d, h) MFC + CHI + TA + GLY

that the mixture of microfibrillated cellulose with tannic
acid led to a more transparent material, which is good for
applications such as food packaging or even wound healing.
In addition, Chitosan and tannic acid even though is
reported to present a yellow colour aspect, the addition of
MEC led to a more transparent colour, indicating a strong
interaction between these compounds [23].

All samples presented their internal structure as a
lamellar morphology (Fig. 2.a—d), consisting of cellulose
stacks, which is a typical structure of nanofibrillated cellu-
lose materials performed by solvent-casting. Samples con-
taining only MFC+TA were very homogeneous,
containing well-compacted layers, and the addition of gly-
cerine slightly altered this structure by presenting some
rounded objects within the material which could be due to
the interaction of tannic acid with glycerine. Nonetheless,
the layered structure appears to be more open and not so
well distributed, which can be attributed to the glycerine
relaxation chain effect. The addition of chitosan still con-
tained a layered ordered spacing but led to a more irregular
structure, similar to other previous works [24, 25]; and this
ordered structure between these materials relates to a strong
interaction [26]. Addition of glycerine led to a more irre-
gular structure, but the size of the layers remained within
the same range. The highly viscous MFC material was
difficult to cast evenly onto the petri dish, resulting in
nonuniform film thicknesses and may explain the mor-
phology from MFC + TA.

The surface of these materials exhibits a “bundled up”
surface (Fig. 2.e-h), that is related to the drying method and
the spread of the gel when it was poured on petri dish for

solvent-casting film formation. There seems to appear some
contamination when glycerine was added, which EDX
reports to be chlorine and potassium elements. Nonetheless,
the structure presents no porosity and is a typical character-
istic of films forming by MFC gel solution; but, if aimed for
wound healing applications, simple procedures for producing
holes using simple apparatus is able to perform a good por-
osity for air permeation and wound healing [11].

3.2 Microstructure

In order to understand the effect of mixing tannic acid on
the structure of the nanocellulose, FTIR was analysed. The
majority of microfibrillated cellulose important bands (Fig.
3.a) presented are the region 3700-2980cm ', corre-
sponding to stretching O-H of intermolecular and intra-
molecular hydrogen bonds; from 2980-2800 cm !
stretching C—-H from alkyl groups; 1630-1650cm™!
assigned to absorption of water; 1455-1314 cm ™! bending
and scissoring of C—-H; 1200-1105 cm~ ! C-0-C symmetric
and asymmetric groups [27]. Finally, 1026 and 896 cm ™!
corresponding to -CO and -CH groups in cellulose,
respectively [28]. When chitosan was incorporated into
MEC films, the spectra remained similar with few shifts
occurring (OH region and carboxylic groups) but the
addition of new peaks was detected (Fig. 3.b—i); such as the
region of 1593-1501 cm™", characteristic absorption bands
of chitosan in 1556 and 1541 cm~! which are assigned to
the stretching vibrations of amino groups. In addition to
another characteristic chitosan band assigned to CH, scis-
soring at 1418 cm™' [29].

@ Springer
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Fig. 3 Microfibrillated cellulose
films FTIR spectra of a MFC, b
MFC + CHI, ¢ MFC +TA, d
MFC + TA + GLY, e MFC +
TA + CHI and f MFC + TA +
CHI + GLY. Region i (as round-
dot square) denotes the main
change when chitosan is added;
while ii (as dashed lines) when
glycerine is added and iii (as
round-dot square and lines)
when TA is added
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When tannic acid was incorporated into the films, a large
region is modified by the presence of its groups (Fig. 3.
c—f-iii) from 1737-1671cm™!, corresponding to the
vibration of C=0 phenolic esters, and a small band that
appeared around the region of 770-750cm~! (Fig. 3.
c—f—iii) corresponding to symmetric skeletal vibration [30].
Besides, the most characteristics bands are within the region
of the MFC and chitosan which is difficult to determine;
though the strongest band characteristic of tannic acid
around 1043-1030 cm™!, corresponding to in plane C—H
deformation — shifted to the tannic acid band indicating as
well the incorporation of tannic acid in the structure [31].
The interaction of tannic acid—chitosan is mainly due to a
complex electrostatic behaviour; they could develop
extensive hydrogen bonds acting as crosslinker for chitosan
[32].

When glycerine was added to the structure of these films,
besides increasing the OH bands due to the increase ability
of glycerine to absorb water, they also showed new bands
characteristic of glycerine. These bands are 2935cm™!
assigned to an aliphatic group, 924 cm™' bound —OH in
glycerine, and 849 cm™! stretching vibrations of C—O—C
groups [33].

Therefore, besides confirming the incorporation of all
added products by the identified characteristic bands of each
compound, the FTIR identified that tannic acid can also
enhance the structure of chitosan—more detailed bands,
which has been also shown by other authors [6, 7]. Fur-
thermore, tannic acid can weakly attenuate the heavily
plasticising effect of glycerine to produce mouldable films
with desirable mechanical properties.

3.3 Thermal characterisation
In order to evaluate the thermal properties of these films,

differential scanning calorimetry was performed (Fig. 4.a).
The thermo profile shows that the addition of chitosan to the
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MFC film results in one endothermic peak between
50-125 °C due to the evaporation of water due to physical
changes during N-deacetylation and carboxymethylation
[34]. The second event is a large exothermic peak related to
the degradation of chitosan material 230-350°C [35],
finally within 300-400°C is the degradation of MFC
components—cellulose degradation of glycosyl units and
oxidation breakdown, forming low molecular weight pro-
ducts [20].

The addition of tannic acid, besides also exhibiting the
endothermic peak of water evaporation, presented a peak
around 200-270 °C which is related to degradation of tan-
nins and partial breakdown of intermolecular bonding [36].
In addition, modified tannins with longer chain ester can
exhibit melting features [37], which occurs from the
bonding interaction of tannic acid with cellulose and/or
chitosan.

Finally, when glycerine is added to the structure it
reduces the intermolecular forces, while also increases the
mobility of polymer chains [38]. The glycerol promoted the
hygroscopicity of the cellulose films due to its hydrophilic
character [39] and resulted in a strong impact on the thermal
stability of these films.

The thermogravimetric analysis (Fig. 4.b) of these films
exhibits that no significant variation occurs with the thermal
stability of these films without the addition of glycerine,
while its addition further decreases their stability, as
observed with the DSC results. Nonetheless, there are three
main weight loss steps observed (Fig. 3.c), the first from

25-100 °C related to the water absorbed and other events
depicted on DSC; also, a weight loss at 125-240°C
attributed to glycerol, and the biggest within 250-375 °C
attributed to cellulose and the other compounds degrada-
tion. Besides these, small events can be seen at 175-250 °C
for samples containing tannic acid, which further proves the
melting features due to bonding. In addition to other related
small events within 225-275 °C, attributed to chitosan
degradation bonded within cellulose.

3.4 Mechanical properties and antioxidant analysis

It is already known that films produced with microfibrillated
cellulose are very strong from previous tensile tests [11, 20]
(Fig. 5.a), while also able to increase this property when
incorporated into many materials, such as chitosan films
[40], at the expense of becoming less flexible and more
brittle. Nonetheless, when these materials were incorporated
with tannic acid, a more brittle material resulted. This can
be attributed to its crosslinking nature, where multiple
hydrogen bonds occurred within tannic acid and carboxyl
groups from the cellulose or chitosan [41].

Values of MFC films elastic modulus (Fig. 5.b) for
bleached kraft cellulose from Eucalyptus sp. can be up to
5GPa. The films reported herein also presented similar
values, and although the addition of chitosan and tannic
acid presented lower and higher mean values respectively,
these were not statistically significant. Finally, when gly-
cerine is added, the plasticizer effect had a huge impact on
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the tensile tests, reducing the tensile strength and increasing
the elongation at break. Exhibiting an elastic modulus of
0.5 GPa, a phenomenon already known due to its plastici-
sation, and already reported before [39].

Tannic acid release rate depends on the structure where it
is synthesised; and, in such cases, when incorporated with
microfibrillated cellulose (Fig. 5.c) a sustained release is
possible to achieve for up to a week, and the addition of
glycerine slightly decrease the release rate. However, ~30%
of tannic acid as burst release occurs within the first 4 h
achieving a new release profile thereafter, this could be
related to the interaction of tannic acid with cellulose groups
as described by the FTIR, whereas relaxation of macro-
molecular chains may be involved and presented a some-
what low fit for Korsmeyer—Peppas release.

Nonetheless, when incorporated with chitosan, a heavily
decrease occurs to their release profile, characteristic of a
potential crosslink and already described by literature. In
such cases, the tannic acid is well linked with the cellulose
and chitosan groups so that there are few nonbounded
chemical groups that affect their release profile. In addition,
the release model is more accurately described as a “Less
Fickian” model, characterised by release coefficients out-
side the limits of the model (n < 0.5 where n was <0.3 in our
work), and the drug release is still considered as a Fickian
diffusion. Chitosan films have been reported to modify the
structure in order to show such increased fast release [42],
also, the kinetic swelling parameter of such chitosan films
by solvent-casting dissolved from acetic acid also exhibit
this character [43]. In addition to hydrogels [44], and pre-
viously using MFC [45], such models are important in order
to study the effective drug delivery in vivo, so that smart
polymers can achieve an ideal release profile by electrically
controlling the rate based on such models [46], or by pH
[47].

Even though the addition of tannic acid led to a more
brittle film and a strong interaction with the other compo-
nents, it did not decrease its antioxidant nature when
incorporated into the films (Fig. 5.d). The important aspect
of the antioxidant nature of tannic acid is the ability to
scavenge free radicals in foods or biological systems, which
are associated with many degenerative conditions [2, 4].
The test then evaluates its antioxidant power by measuring
the decrease in the absorbance of DPPH at 515 nm — spe-
cifically, the tannins presented in the film was measured
with a solution of 0.1 mL that contained 25 mg of film
which was extracted in a 3 ml of solvent and was able to
reduce 80% from a solution containing 3.9 mL that con-
tained 24 mg/L. of DPPH. The concentration of tannic acid
added in the films, 10 %wt, has also been reported by other
authors to be effective due to the effective scavenging
ability of its polyphenol [48].

@ Springer

In the case of ABTS, cation radicals scavenging activity,
the test also evaluates the antioxidant power after reaction
of ABTS with tannic acid by measuring its decrease at
734 nm, and it presents scavenging values of 90%. There-
fore, the tannic acid in the films could still remain active as
antioxidant in order to scavenge free radicals, and is
reported to have positive effects on wound healing pro-
cesses [4, 49]. Higher values of ABTS has also been
reported by other authors with the usage of tannic acid
incorporated into nanocellulose [50]. The antioxidant effect
of tannic acid in vivo has been reported to reduce the lipid
peroxidation, COX-2, inducible nitric oxide synthase (i-
NOS), and PCNA expression [51] and these effects are
known to be the most important for its anticancer property.

3.5 Antibacterial activity

In order to understand if tannic acid can still present anti-
bacterial activity when incorporated into the films, tests of
disk diffusion and shake flask were performed in E. coli and
S. aureus (Fig. 6). For the shake flask test (Fig. 6.a), all
samples containing tannic acid presented antibacterial
activity over 70% for both bacteria; while S. aureus had
10% more effectiveness, and at this concentration, is within
values found by another work using tannic acid [52, 53]. In
the case of disk diffusion (Fig. 5.b—c), the results presented
no inhibition of growth when using E. coli; however, for the
samples MFC + TA and MFC + TA + GLY, thinning of
the bacterial growth was observed and may indicate a
possible inhibitory effect if the concentration of the anti-
microbial agent or its ability to elute was increased. In
regard to S. aureus, bacterial growth inhibition was
observed for the majority of the samples, and overall, the
values of disk diffusion bacteria inhibition for tannic acid
was similar to other reports using the same concentration
[53, 54].

Since these samples were neutralised before testing for
antibacterial, the presented low values may well be related
to incorporated tannic acid, compared to acetic acid which
is reported to have higher antibacterial effect for these
bacteria even at lower concentrations [55, 56]. Even though
chitosan has been reported to have antibacterial effect [57],
the values found in this work for samples containing cel-
lulose with chitosan had a weak antibacterial activity. When
they were incorporated with tannic acid, the antibacterial
effect is still lower than when compared to samples without
chitosan. We attributed this possibility to the crosslinking
mechanism that occurred within cellulose and chitosan,
leading to fewer groups being able to inhibit bacteria due to
the structure. In addition, these same groups could have
interacted with tannic acid, also decreasing their potential
inhibition.
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Fig. 6 a Bacteria growth inhibition of 25 mg samples containing tannic
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TA, (ii, vi) MFC + TA + GLY, (iii, vii) MFC + CHI + TA, (iv—viii)
MFC + TA + CHI+ GLY and ¢ zone of inhibition diameter for S.
aureus

The higher activity against S. aureus is due to the
mechanism of polyphenols that directly binds on pepti-
doglycan layer of Gram-positive bacteria. In the case of
Gram-negative species, this layer is thinner and the com-
ponents of cell wall cannot bind to polyphenols, leading to
lower values against E. coli [58]. Although the antibacterial
effect of many nanomaterials generally involves generation
of reactive oxygen species to induce oxidative stress to the
bacteria cell wall [59], tannic acid presents a unique beha-
viour. This is related to be due to chelation of iron from the
medium, which leads it to be unavailable for the bacteria
growth [60]. Therefore, due to many antibacterial
mechanisms that tannic acid possess, it is a bactericide for a
broad spectrum of bacteria [2].

3.6 Cell viability assays

In order to investigate if the tannic acid could still promote
cell growth as a wound healing material, they were sub-
mitted to cell viability essays (Fig. 7.a) using HaCaT cells -
epidermal keratinocytes. The cell metabolic activity (elution
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Fig. 7 a Cell viability elution assay for two concentrations of film
density and b phosphorylated NF-xB activity for the studied samples
containing tannic acid at 25 mg/ml

essay) results exhibit that samples containing tannic acid
presented higher viability for HaCaT cells compared to
control, and are all larger than 110%, considered as non-
toxic at the concentration of 5mg/ml. The crosslink
between chitosan and tannic acid could decrease the via-
bility seen by these results, lowering the exposure of some
characteristic groups to cell interaction. Besides, the addi-
tion of glycerine did not alter its high metabolic activity to
cells.

However, increasing the concentration of tannic acid, a
heavily increase in toxicity occurs, whereas samples of
MFC + CHI+TA and MFC 4 CHI+TA 4 GLY had a
severe effect on cell proliferation. Instead, samples MFC +
TA and MFC + TA + GLY can still be considered as non-
toxic at a higher concentration of 25 mg/ml, this could again
be attributed to the interaction structure, and how well
tannic acid binds to the other components. Additionally, the
purification method used to eliminate the acidic condition
may have been ineffective when chitosan was added to the
structure. However, increase in dosages of tannic acid has
been also shown to be toxic as reported by other authors
[61, 62].

This effect can be further seen by the test with Nuclear
factor kappa B (NF-kB) p65 signalling (Fig. 7.b). NF-kB is
a transcription factor related to inflammatory, proliferation
and apoptosis processes and is strongly implicated in
initiation of pro-inflammatory target gene expression, e.g.,
IL-6, IL-8 or COX-2 [63], it also plays a crucial role in
fibroblast healing and regeneration for various biomaterials
[64]. In the case of tannic acid, it is reported that it can
block NF-kB activation in vitro causing a decline in the
production of inflammatory mediators [65]; thereby inhi-
biting the expression of adhesion molecules. Therefore,
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samples containing tannic acid had a reduction on the
expression of this factor, and there seems to be an increase
when glycerine is added, which may be related to a slower
release of free tannic acid compound in the samples.

The healing mode of action from tannic acid involves
elimination of water into cells—due to its astringent action
which contracts the fibres by decreasing haemorrhage and
facilitating healing [49]. Nonetheless, it is important to state
that the method of application in vivo for tannic acid —
subcutaneously injected or topically - produces different
results, if subcutaneously injected it can cause a severe
toxicity [66] whereas in subcutaneous administration it
possesses agreeable outcomes [67].

4 Conclusions

Microfibrillated cellulose containing tannic acid presents a
well-formed internal layered structure based on electro-
stactic interaction, confirmed by IR from new bands formed
such as C=0 phenolic ester groups, while also presenting
an increased tensile resistance characteristic of a more rigid
structure (up to 8 GPa). Chitosan incorporation presented
characteristic bands, such as amino groups, from the IR
spectra and led to a small reduction in the mechanical
properties (around 4-6 GPa). Thermal degradation had no
significant variation within the films that did not contained
glycerine, but characteristic degradation steps of chitosan
and tannic acid were observed in DTA. The addition of
glycerine further decreases the thermal and mechanical
properties by reducing the intermolecular forces and
increase mobility chains.

The addition of tannic acid promoted good antioxidant
scavenging activity values, achieving ~90% for ABTS
and ~75% for DPPH. In addition, the highest drug release
was achieved solely with MFC + TA (~60%) and the
addition of chitosan led to a heavy decrease (~8%)
attributed to the crosslink that occurred within the poly-
meric materials. Finally, the release rate and amount of
tannic acid proved to be effective at inhibiting common
pathogens though only as shake flask methodology, while
disk diffusion only presented inhibition for S. aureus.
Lastly, tannic acid presented to be viable for specific
samples at higher concentration — MFC + TA and MFC
+ TA + GLY - but with an inhibition of the phosphory-
lated NF-kB activity, characteristic of tannic acid com-
pound. Nonetheless, it appears to slightly decrease this
inhibition when blended with glycerine. Therefore, the
release rate of this material needs to be a point of concern
because it can also harm the cells, so materials that can
entrap this compound to a slower release can be beneficial
when considering its addition on polymeric systems such
as glycerine.
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